Introduction
In approximately 80% of bladder cancer patients the disease starts as a superficial, i.e. non-invasive, lesion in the bladder mucosa (Abel et al., 1988) . These so-called Ta and T1 tumours show a tendency to recur in 30-90% of cases during follow up after treatment of the primary tumour (Soloway, 1988) . Moreover, 15% of patients finally suffer from invasive, often lethal forms of bladder cancer (Rubben et al., 1990) . To predict which superficial cancers will invade, tumour markers have been tested. In this review we discuss the use of quantitative cytology documentation systems for the follow up of patients with superficial bladder cancer.
Cytology and tumour markers
The follow-up of patients with superficial bladder cancer is done by cystoscopy and urine cytology. With cystoscopy, small or less evident malignant lesions (CIS) can be missed, whereas low reproducibility and the lack of quantitation hamper visual interpretation of cytological material (Sherman et al., 1984) . We therefore aimed at developing a method that: 1. gave reproducible, quantitative data in subsequent samples; 2. enabled sampling of various regions of the bladder.
Bladder washings offer superior material for cytological analysis compared to urine (Zein et al., 1984) . Moreover, unlike histological biopsies limited to only certain selected areas of the bladder mucosa, material from the entire bladder mucosa can be harvested. Multivariate analysis of eel-lular features enabled high diagnostic yield in bladder wash cytology (Raab et al., 1994) .
Flow cytometric studies showed that ploidy analysis of bladder wash material is a sensitive method of tumour detection (Aamodt et al., 1992 , Badalament et al., 1986 , Collste et al., 1980 , Koss et al., 1989 , Klein et al., 1982 . Flow cytometry does not enable simultaneous visual interpretation and selection of cells. Moreover, flow cytometry is not suited for morphometric analysis. Quantitative light microscopic techniques can be used for DNA content analysis as well as morphometric analysis (Badalament et al., 1986 , Amberson et al., 1993 . The group of Koss in the Montefiore Medical Centre in New York has extensive experience with an image analysis system for the classification of cells in voided urine (Koss et al., 1980 , Sherman et al., 1984 , Sherman et al., 1986 . Sensitivity of this system was particularly high for high-grade tumours, but low-grade lesions were less readily diagnosed. The cell-to-cell reference classification and the use of voided urine instead of bladder wash material are two possible reasons for the low diagnostic yield.
Cell nuclear dimensions
Before discussing the practical points of a cellimage analyzer, basic knowledge on cell and cell nuclear dimension needs attention. From visual cytological studies as early as the last century we know the morphological changes that occur when cells dedifferentiate: nuclei become larger compared to the cytoplasm and irregularity of the nuclear contour occurs. For histological material this resulted in the grading system as proposed by Bergkvist et aI. (1965) and later modified by the WHO (Mostofi et aI., 1973) . Studies appearing in the last two decades shed some light on the origin of these cellular morphologic changes that occur in the development of malignancy (Berezney and Coffey, 1974, Pienta et aI., 1989) . Cell shape and dimensions seem to be dependent on the cellular matrix, or cyto-skeleton, whereas a nuclear variant exists called the nuclear matrix. Both matrices seem to be related to and connected with a third structure, the intercellular matrix. Changes in the latter will influenceboth cellular and nuclear dimensions: An important role of the nuclear matrix is probably the organization of the nuclear DNA, enabling transcription of parts of the DNA fixed to the nuclear matrix (Getzenberg, 1994) . Changes in cellular and nuclear shape probably reflect the instability of the matrices and will influence gene transcription by disorganization of DNA (Pienta and Ward, 1994) .
Karyometry
The analysis of nuclear size, shape, DNA content, and chromatin texture in light microscopic images is called karyometry. Several studies confirmed the use of this technique for the grading of tumours (van der Poel et aI., 1992). In an earlier review we discussed the different materials and material processing techniques used (van der Poel et aI., 1992). Since DNA quantification in the nucleus is required for ploidy determination of the cell populations present, the stoichiometric staining technique according to Feulgen-Schiff is most widely applied.
The DNA content in a normal, i.e. a euploid (GOG1) nucleus with 46 chromosomes is 2c. Since most cell populations have a small fraction of cells:" in the S, M and G2 phases of the cellcycle, a peak in the 2c region (GOG1) of the DNA content histogram as well as a peak in the 4c region (G2M) can' be found. The cells in S-phase present in between these peaks. Flow cytometry is a well-known technique for quantifying the DNA histogram of a cell population, in other words the ploidy of the population. We compared the DNA analysis of flow cytometry with karyometry and found good correlation for DNA indices of the different peaks, H,G, VAN DER POEL E ALTRI as well as the coefficient of variation of the different peaks in the DNA histogram (unpublished data).
In early studies we discussed the value of karyometric analysis for histologic and cytologic material (van der Poel et aI., 1992, van der Poel et aI., 1988). In literature it was confirmed that karyometric analysis was useful for the grading of bladder cancer in histologic as well as cytologic material (van der Poel et aI., 1992). Two nuclear features were found in our multivariate analysis to correlate with visual tumour grade, in bladder washing material. The 2c deviation index (2cDI) is a feature related to the difference of nuclear DNA content within a cell population. When nuclear DNA content shows a high variation between nuclei in one sample, e.g. in aneuploid or polyploid samples or in samples with a high percentage of Sphase or G2M-phase nuclei, the 2cDI value is high. The mean PASS feature value per sample was of additional predictive value to the 2c deviation index. PASS is a nuclear shape descriptor base on analysis of the smoothed Freeman difference chain code , (Bowie et aI., 1977) . PASS is in particular sensitive to elongation of the nuclear shape. Low values in PASS indicate more ellipsoid shaped nuclei. These two nuclear features, the 2cDI and the mean of PASS,are plotted in a scattergram and enable comparison of subsequent samples of the sample patient in one plot. Hence, the graphic representation of several samples make this method particularly suitable for close monitoring of changes in the bladder wash cytology profile of the patient. Few reports of clinically applicable systems, however, appeared. Hence we started in 1991 to develop a clinically applicable system for the quantitative analysis of bladder wash material: the Quanticyt system.
The Quanticyt system
The bladder wash material is obtained by rinsing the bladder at least twice with saline solution, either through a catheter or a cystoscope. 25cc of the material was instantly fixed in 25cc 50% ethanol containing 2% polyethylene glycol (Carbowax) and stored at 5°C. Bladder washings were always performed after emptying of the bladder and prior to intravesical manipulations or instillations. After arrival in the laboratory the material was centrifuged (2000x, 10 min.) and the pellet resuspended in Carbowax fixative. For staining, the material was Cytospin centrifuged (Cytospin, Shandon, USA) on gelatin-coated slides, post-fixed with Bohm fixative (85% methanol, 10% buffered formalin, 5% acetyl acetic acid glacial) and Feulgen stained (5 N HCI 60 min., Schiffreagent (Merck, Germany), 30 min. both at room temperature).
The karyometric analysis was performed on the Feulgen stained slides using a PC-based image analysis system (see for detailed description Cancer, 72: 2667-2674, 1993). For each slide 50 randomly selected images containing 100 to 500 nuclei were analyzed after recording on the hard disk of the computer. Recording of these images took 4 minutes per slide. The 50 images per slide were automatically analyzed, without intervention by the technician, in 80-100 minutes. After automatic analysis the selected nuclei are contoured and numbered in the images enabling visual "postanalysis" verification of the objects. Lymphocytes in the material were used as reference for 2c DNA content after applying a correction factor of 1.19.
A database is linked to the system for documentation of patient-related information like earlier treatments and histology data. This information is provided by the urologist and filled out on the application form. Finally, a report form with clinical patient information and data concerning all samples of the patient present in the system is drawn (Fig. 1) . Moreover, an additional visual cytological analysis is performed by an experienced urinary cytopathologist. The information is returned to the clinician by mail or facsimile within 5 days after material sampling.
Of the grade-1 tumours, 71 % could be detected, which compares favorably with the detection rate of low-grade low-stage lesions by flow cytometry (64%) (Badalament et al., 1986) 
Bladder washing and voided urine
Sincethe bladder washing procedure still requires invasion with either a catheter or a cystoscope into the bladder, we compared it with the karyometric analysis of voided urine as well. No significant correlation was found for either feature in the two sampling techniques. In a multivariate analysis for the discrimination of histological tumour versus no tumour samples, only the karyometric . phenotype within the samples (van der Poel et aI., . 1992). Based on the karyometric score per sample each nucleus was scored as either "normal", or "abnormal" depending on its ploidy level(deviation from 2c in the population) and shape as calculated by BEN. For each sample we then calculated the percentage of normal nuclei. The percentage of normal nuclei was significantly lower in tumour samples (P<0.05). Moreover, with an increase in tumour grade, the percentage of normal cells decreased. This may be caused by the higher exfoliation rate of high-grade tumour cells. Unfortunately, tumour size could not be establishedaccuratelyin thesepatients, but willcertainly influencethe number of abnormal nuclei shedding in the bladder washing. Surprisingly, however, percentagesfor "normal" nucleiwere not significantly different in invasive and superficial tumours.
for histologically high-gradelesionswas 100% for the karyometric analysis and comparable to detection rates of flow cytometric analysis (Koss et al., 1989) .
Reproducibility
Reproducibility analysis for visual grading of bladder tumours showed considerable inter and intraobserver variability (Sherman et aI., 1984) . Hence, the correlation of analysis of nuclear profile area, number of analyzed nuclei per sample, nuclear shape (PASS), and the 2c Deviation Index among three technicians was tested. In Table 1 the correlation values between the measurements of the different technicians are shown. All correlations were significant and larger than 0.75, except for the 2c Deviation Index. This was caused by the large number of samples with 2cDI values below 1. In this group low correlation values between the three technicians were found. In routine application this is of minor importance since distinction between low 2cDI values « 1.0) is of no clinical importance. The random selection of images could cause differences in the analyzed number of nuclei per sample between technicians. Correlation of the number of nuclei analyzed, however, was high for all three technicians (Table 1) .
Cytology and karyometric analysis
To compare the sensitivity and specificity of the karyometric analysis with visual cytology, a subset of 104 samples was analyzed with both techniques. Due to inadequate material (too few diagnostic cells), 8 samples were not suited for cytological analysis. In Table 2 the cross tables for the cytological and karyometric analysis are given. Sensitivity for cytology was 71.6% and for the karyometric analysis 95.2% in this population; specificity was" 60% and 65% for both techniques; respectively. Of the false negative samples in cytology, 43% (10/23) were tumours with a histological grade' higher than grade 1. The false negatives in the karyometric analysis consisted of three grade-1 and one grade-2 tumour.
Colpaert et a1. (1987) found 50% ofthe nucleipresent in cytology from high grade carcinoma within normal size range. Hence, we investigated the distribution of cells with different karyometric feature values obtained from the bladder wash samples were of value. These data confirm the superiority of bladder wash over urine as (quantitative) cytology is applied (Zein et aI., 1984) . 
Instillation treatment and Quanticyt analysis
The influence of intravesical therapeutic instillations on (bladder wash) cytology have been described (Cant et aI., 1986 , Horbath et aI., 1991 . BCG instillations resulted in an increased number of polyploid cells (Badalament et aI., 1986) whereas mitomycin-C (MMC) treatment gave rise to cytological abnormalities several months after instillation (Cant et aI., 1986 , Horbath et al., 1991 , Koshikawa et aI., 1991 . The bladder wash samples taken during or 2 months after intravesical therapy were analyzed separately. The percentage of recurrent tumours (5%) during follow up in this group (n = 155) was similar to the entire population. All patients in the intravesical instillation group who developed a recurrent tumour had abnormal Quanticyt evaluations. These findings indicate that, although, the karyometric score is proabl y influenced by BCG or MMC instillations, patients at risk still have abnormal Quanticyt analysis.
Prediction of tumour recurrence and progression
From 1991 to 1994, 3689 samples in 1356 patients have been analyzed. Earlier reports discussed the prediction of the presence of tumour and tumour grade by the Quanticyt system (Fig. 2) . The data on the tumour recurrence and tumour progres- the Kaplan-Meier curves of the two different diagnostic groups. Samples with low karyometric grading on base of2cDI and mean PASSvalue were significantly less likely to recur or progress compared to samples with a high karyometric grading.
Conclusions
Visual grading of cancer is of low reproducibility and does not allow easy comparison of subsequent samples. Nuclear dimensions are dependent on a complex interaction between nuclear and cellular matrices and nuclear changes occur in the development of malignancy. These changes can be quantified using image analysis techniques. Karyometric analysis as performed by the Quanticyt system offers a clinical tool for the follow up of patients with superficial bladder cancer.
